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Abstract 12 
Present work examines numerically the asymmetric behavior of hydrogen/air flame in a micro- 13 
channel subjected to a non-uniform wall temperature distribution. A high resolution (with cell 14 
size of 25 µm × 25 µm) of two-dimensional transient Navier-Stokes simulation is conducted in 15 
the low-Mach number formulation using detailed chemistry evolving 9 chemical species and 21 16 
elementary reactions. Firstly, effects of hydrodynamic and diffusive-thermal instabilities are 17 
studied by performing the computations for different Lewis numbers. Then, the effects of 18 
preferential diffusion of heat and mass transfer on the asymmetric behavior of the hydrogen 19 
flame are analyzed for different inlet velocities and equivalence ratios. Results show that for the 20 
flames in micro-channels, interactions between thermal diffusion and molecular diffusion play 21 
major role in evolution of a symmetric flame into an asymmetric one. Furthermore, the role of 22 
Darrieus–Landau instability found to be minor.  It is also found that in symmetric flames, the 23 
Lewis number decreases behind the flame front. This is related to the curvature of flame which 24 
leads to the inclination of thermal and mass fluxes. The mass diffusion vectors point toward the 25 
walls and the thermal diffusion vectors point toward the centerline. Asymmetric flame is 26 
observed when the length of flame front is about 1.1 to 1.15 times of the channel width.  27 
 28 
Keywords: Steady asymmetric flame, Diffusive-thermal instability, Darrieus–Landau instability, 29 
Lewis number  30 
 31 
1. Introduction 32 
For the need of high energy density the study of microscale combustion has attracted significant 33 
interests over the last decade leading to the miniaturization of sustainable industrial 34 
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combustion process. To apply the concept of micro-combustion in process engineering, the 35 
problems arise by reducing the combustion volume need to be addressed carefully. Combustion 36 
in such small combustors is different from their macro scale counterparts. This is mainly 37 
because in micro-scales, strong interactions between the flame and combustor walls result in 38 
different characteristics and behaviors of the confined flame.  39 
One of the main topics in combustion in micro-scales is to find methods for extending 40 
flammability limits. Various works have been done in this topic in the past decades. Wan et al. 41 
investigated the effect of different bluff bodies [1] and wall cavities [2] in a planar micro- 42 
channel on flammability limits of H2-air combustion. They observed that blow-off limit is greatly 43 
extended as compared with that of the micro-combustor without using them. Yan et al. 44 
[3]showed the beneficial effects of hydrogen addition on catalytic methane- air combustion on 45 
flame stability.  46 
Different flame regimes have been reported in previous experimental and numerical studies of 47 
flames in micro-scale. These are weak flames, repetitive extinction-ignition dynamics, steady 48 
symmetry flame and steady asymmetric flame. This paper focuses on the steady asymmetric 49 
flame. 50 
     One of the most common regimes appears in micro-scale combustion is the steady 51 
asymmetric regime which happens in the upper flammability limits. Stable flame may lose its 52 
symmetry (respect to the centerline of the micro-channel). The resulting shapes often called 53 
upper or lower asymmetric flames [4]. 54 
Dogwiler et al. [5] experimentally studied the combustion of lean premixed methane/air 55 
(𝜑 = 0.33) in a planar channel with 7mm width . Both symmetric and asymmetric flames were 56 
observed in this work. They concluded that the sensitivity of the flame to external perturbations 57 
that existed in their experiment resulted in a random upper and lower asymmetric flame 58 
behaviors. Steady asymmetric flames were also observed by Kurdyumov et al. ([6], [7]) in their 59 
study of methane/air and propane/air flame propagation. They observed asymmetric stable 60 
flames in the upper flammability limits. This was in agreement with findings of Dogwiler et al. 61 
[1]. The emphasize in their work was to investigate the flashback limits of the flame in micro- 62 
scale ([6], [7]), and the physics underlying the asymmetric behavior of the flame was not 63 
discussed in their study.  64 
It is now well demonstrated that hydrodynamic, body-force and diffusive-thermal effects 65 
are three types of phenomena that may cause the intrinsic instabilities of premixed subsonic 66 
flames in micro or macro scales [8]. The hydrodynamic effect is due to thermal expansion across 67 
the flame [9]. The body-force effect is due to the difference in the densities of burnt and unburnt 68 
mixtures across the flame [9]. This difference may give rise to buoyant instabilities in flames 69 
propagating upward. The third phenomenon is the diffusive-thermal instability caused by the 70 
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preferential diffusion of mass and heat of reaction [9]. Based on the value of Lewis number, two 71 
types of diffusive-thermal instability can be distinguished, (i) cellular instability for Lewis 72 
numbers smaller than a critical value (typically less than one), and (ii) pulsating instability for 73 
Lewis numbers above this critical value. 74 
To study the diffusive-thermal instability effects, there are two reported methods. The 75 
first one is to assume that the density of the flow is constant. To this end, the governing 76 
equations are solved utilizing thermal-diffusive formulations (e.g. [10] and [11]). The other 77 
method is to use non-unity Lewis number (e.g., [12]). Altantzis et al. [12] investigated the effect 78 
of hydrodynamic and diffusive-thermal instabilities in lean premixed hydrogen/air planar 79 
flames using DNS and utilizing a one-step global reaction model. They considered the effective 80 
Lewis number equals to 0.404, where the diffusive-thermal instability exists. 81 
Petchenko and Bychkov [13], using linear stability analysis, studied the stability of a flame 82 
in a micro cylindrical tube with adiabatic walls and asymmetric perturbations. They showed 83 
that for tubes with diameters higher than a critical value, small perturbations grow 84 
exponentially that make the flame asymmetric. They stated that the critical value is proportional 85 
to the cutoff wavelength (λc) of the Darrieus–Landau (DL) instability. Tsai [14] investigated 86 
numerically the steady propagation of a premixed laminar methane/air flame in tubes of 87 
different diameters in micro-scale. The simulations were carried out in two- and three- 88 
dimensions with isothermal walls, a one-step global reaction model and using unity Lewis 89 
number assumption. He [14] found that asymmetric flames occurs only in ducts with diameters 90 
higher than the critical value, 120×lf (lf is the flame thickness) [14]. This was in agreement with 91 
linear stability analysis of Petchenko and Bychkov [13]. They ([13], [14]) related this behavior 92 
to the secondary DL instability as mentioned by Liberman et al [15]. 93 
 Liberman et al. [15] studied the propagation of a laminar flame in wide tubes (with 94 
diameter higher than 3.4 times of the cut-off wavelength) using direct numerical simulation. To 95 
exclude the effects of thermal-diffusive instability, they assumed the Lewis number is unity. 96 
Furthermore, they assumed slip and adiabatic conditions on the tube walls to omit the small 97 
disturbances on the flame edge caused by the wall friction, viscosity and heat losses. Their 98 
results showed that perturbations with a wavelength shorter than 𝜆𝑐 were stabilized by the 99 
thermal effects. While perturbations with higher wave lengths grow exponentially and cause 100 
instabilities. They concluded that for occurrence of DL instability, the tube width should be 101 
higher than half of the cut-off wavelength. Bychkov and Liberman [16] stated that for a realistic 102 
flame the cut-off wavelength is about 20lf - 40lf. They also reported that the respective 103 
wavelength of the fastest perturbations is twice larger than the cut-off wavelength, which is 104 
about two orders of magnitude greater than the flame thickness.  105 
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Pizza et al. [4] investigated the dynamics of lean (𝜑 = 0.5) premixed hydrogen/air flames 106 
in micro and meso scale channels using two-dimensional direct numerical simulation. They 107 
observed a stable V-shaped symmetric flame at a fixed channel height and inlet velocity. 108 
However, after a transition stage by increasing the inlet velocity, the flame became stable in an 109 
asymmetric shape. Using Bychkov and Liberman [16] analysis, they mentioned that the 110 
diffusive-thermal instability was the reason of this behavior. Besides, they stated that since the 111 
width of the chambers in micro-scales is typically lower than half of the cut-off wavelength, the 112 
DL instability cannot happen. Hence, the thermal-diffusive instability is expected to be the main 113 
reason of asymmetric behavior of flames in micro-scales. In this condition, flame stretching has 114 
a stabilizing effect on the flame front while the heat losses counteract this effect.  115 
The present review of literature shows that the study of asymmetric flame behavior in 116 
micro-scales is still being challenged by the sophisticated nature of the effects of two 117 
instabilities (i.e. Darrieus–Landau and thermal-diffusive), in transition of symmetric flame to 118 
asymmetric one. Experimental discrimination between these two instabilities in appearance of 119 
asymmetric flame behavior in micro-scale is really challenging. Due to these complications, it is 120 
very useful to perform a high fidelity numerical investigation to differentiate the role of 121 
different factors in flame instability and asymmetric behavior under varying parameters (e.g. 122 
Lewis number). Through a series of numerical investigations, the present work aims at studying 123 
the behavior of the asymmetric flame in micro-scale combustion to shade light on the reasons of 124 
the occurrence of this phenomenon.  125 
The problem includes combustion of hydrogen/air mixture in a micro-channel with 126 
predefined wall temperature. A 2D low-Mach laminar Navier-Stokes solver with detailed 127 
kinetics and multi species diffusions is developed. Another aim is to study the instabilities exist 128 
in this type of combustion. To investigate the effects of these instabilities, first, the 129 
hydrodynamic effect is considered. This is done by assuming unity Lewis number [12]. Then the 130 
flame is simulated using different Lewis numbers to analyze the thermal-diffusive instability 131 
[12]. The governing equations are solved using detailed transport to investigate the effects of 132 
preferential diffusion of heat and mass on the asymmetric behavior of flame in different inlet 133 
conditions. To quantitatively parameterize the asymmetric behavior of flames in micro-scales, a 134 
criterion is drawn using the curvature of flame.  135 
2. Governing equations and Numerical procedure  136 
In the present work, we assumed that the characteristic length of the combustion 137 
chamber is sufficiently larger than the molecular mean free path of the reacting flow gases. 138 
Thus, the fluid continuity is established and Navier-Stokes equations and no-slip wall condition 139 
are applicable in micro-combustion. Based on different references (i.e. [17], [18]), it can be 140 
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assumed that the effect of radiation on the combustor wall is negligible. The gas radiation is 141 
neglected and the wall of the combustor is assumed to be inert (no absorption or desorption of 142 
species). Viscous heating is neglected due to the dominant conduction heat transport. Buoyancy 143 
effect is neglected due to the high inlet velocity implying that convection is the primary mode of 144 
heat transfer. It is reported by Kuo and Ronney [19] that for Reynolds number beyond 500 the 145 
turbulence modeling is necessary in order to have a good quantitative agreement for numerical 146 
modeling of reacting flows in micro combustors. In the present work the Reynolds number is in 147 
interval of 100 to 400 and hence the flow is considered to be laminar. The present simulations 148 
are limited to two-dimensional modeling, thus typical three-dimensional effects are neglected. 149 
In a two-dimensional DNS framework for micro planner channels, Pizza et al. ([4], [20], [21]) 150 
were able to successfully observed different dynamics of flame, including repetitive extinction- 151 
ignition dynamics, steady symmetric flame, steady asymmetric flame and oscillating flame. 152 
Using a two-dimensional, Kurdyumov et al. [10] examined the effect of channel height, inflow 153 
velocity and wall temperature on the dynamics and stability of premixed flames with unity 154 
Lewis number in micro-channels. Their model was capable to reproduce many of the transitions 155 
and the combustion modes observed experimentally and in direct numerical simulations in 156 
micro- and meso-scale channels. In the present modeling the flow is taken to be laminar thus, 157 
two-dimensional modeling is reasonable.  158 
The phenomenon of asymmetry would not happen in the case of cylindrical tubes where 159 
the majority of experimental results available in the literature are obtained with the cylindrical 160 
tubes. In addition, since the objective in this work is not to have direct comparison with 161 
experimental results. Instead we aim at analyzing the role of Darrieus–Landau and thermal- 162 
diffusive instabilities on the behavior of the asymmetric flame in micro-scale combustion. Thus, 163 
investigating a 2D planar channel modeling is appropriate.  164 
According to the above assumptions, governing equations including the continuity, 165 
momentum and energy conservation in low-Mach number formulation are presented as follow 166 
[22]:  167 
Continuity: 168 
(1) 
∂𝜌
∂t
+ ∇ ∙ (𝜌𝑢) = 0 
Momentum: 169 
(2) 𝜌(
∂𝑢
∂t
+ 𝑢 ∙ ∇𝑢) = −∇𝑝𝑑 + ∇ ∙ (𝜇𝑆) 
Energy: 170 
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(3) 
𝜌𝑐𝑝 (
∂𝑇
∂t
+ 𝑢 ∙ ∇𝑇) = ∇ ∙ (𝜆∇𝑇) − ∑ ℎ𝑖𝜔𝑖̇
Ng
i=1
− 𝜌 (∑ 𝑐𝑝,𝑖𝑌𝑖𝑉𝑖
Ng
i=1
) ∙ ∇𝑇 
where ρ, u, and µ are density, velocity and dynamic viscosity, respectively. pd is the 171 
hydrodynamic pressure. The stress tensor (S) in equation (2) is defined as “∇𝑢 + (∇𝑢)T − 172 
2
3
(∇. 𝑢)I”, where “I” is the identity matrix. In equation (3), λ, cp,i and hi are the mixture thermal 173 
conductivity, heat capacity, and enthalpy of the ith specie, respectively.  174 
The ideal gas equation of state is written as:  175 
(
(4) 
𝑝𝑡 = 𝜌
𝑅𝑢
?̅?
𝑇 
where, ?̅? is the mean molecular weight of the mixture and Ru is the universal gas constant. 176 
Here, pt is the thermodynamic pressure which is assumed to be constant in low-Mach number 177 
assumption.  178 
The species conservation equation is written as: 179 
(
(5) 
𝜌 (
∂𝑌𝑖
∂t
+ 𝑢 ∙ ∇𝑌𝑖) = −∇ ∙ (𝜌𝑌𝑖𝑉𝑖) + 𝜔𝑖̇  
where, 𝜔𝑖̇  is the consumption/production rate of ith specie which is calculated by equations (8- 180 
10). Here, Yi and Vi are the mass fraction and diffusion velocity of ith specie. Vi is calculated using 181 
equation (6):  182 
(
(6) 
𝑉𝑖 = 𝑉𝑖
∗ + 𝑉𝑐 
where, 𝑉𝑖
∗ is evaluated by the kinetic theory of gases by considering only mixture averaged 183 
diffusion. Vc is defined as the correction velocity to numerically guarantee total mass 184 
conservation: 185 
(
(7) 
V𝑐 = − ∑ 𝑌𝑖V𝑖
∗
Ng
i=1
 , V𝑖
∗ = −(
D𝑖𝑚
X𝑖
)∇X𝑖 
where, Dim is the average diffusivity of the ith specie and Xi is the mole fraction of ith specie. Fick 186 
law is used for calculation of Dim and Dij is evaluated using Chapman-Enskog model [23].  187 
One of the conventional geometries to study the micro-scale combustion is the heated 188 
micro-channel which has been regarded as cylindrical tube ([24]–[26]) or planner channel 189 
([27], [5]). The schematic of the heated micro-channel is shown in Fig. 1. A part of the channel 190 
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(i.e. test section in Fig. 1) is heated by an external source. A temperature distribution, used in 191 
Ref. [4], is also applied in the present work.  192 
The no-slip boundary conditions for velocity and zero-flux for all species are applied at 193 
the walls of chamber. For all variables at the outlet, Neumann boundary conditions are imposed 194 
(i.e. 
d𝑌𝑖
d𝑥
= 0   ،
d𝑇
d𝑥
= 0 and 
d𝑢
d𝑥
= 0).  195 
 
Fig. 1: The schematic of the heated micro-channel with temperature distribution on the external 
walls. 
The detailed reaction mechanism of Yetter et al. [28] with 9 chemical species and 21 196 
reversible elementary reactions is utilized. A reactive solver is developed in OpenFOAM to solve 197 
the governing equations (1-7). A new solver named “RITLFOAM” is developed according to the 198 
problem requirements which consider a Low-Mach number formulation of Navier-Stokes 199 
equations and multi species transport model. The accuracy of the numerical solver is 200 
established in[29]. For further validation of the developed solver we study a one-dimensional 201 
laminar flame and compare the results with those predicted using Chemkin code. A two- 202 
dimensional geometry with periodic boundary conditions along the horizontal boundaries is 203 
studied. The flame structure including temperature, velocity and species mass fraction obtained 204 
using the developed solver is in good agreement (see Figs. 2a and 2b) with the results predicted 205 
using Chemkin code.  206 
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(b) 
 
(a) 
 
(c) 
Fig. 2: Structure of one-dimensional hydrogen-air premixed flame: comparison of (a) temperature, (b) 
velocity and (c) normalized mass fraction of species calculated in the present work against those 
predicted by Chemkin code. 
   To ensure that the results provided are independent of the grid resolution, different size 207 
meshes were employed to test the numerical model. Fig. 3 shows that increasing the grid points 208 
results in the convergence of the computed temperature along the channel axis. The results 209 
obtained for 50 µm × 50 µm and 25 µm × 25 µm are very much similar. Hence, the grid size of 25 210 
µm × 25 µm was used for all the computations in the present work. The time step is 211 
automatically calculated in order to satisfy specific tolerances in ODE solver of reaction rate 212 
term. So, time step is obtained between 10-7 and 10-8 s.  213 
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Fig. 3: Temperature variation on symmetry line of the channel for different cell size for  
channel with width=1mm, equivalence ratio=0.5 and inlet velocity=50 cm/s. 
Further details on the solver developed, validation of the results can be found in Ref. [29]. 214 
 215 
3. Results and discussion  216 
In this section we investigate (i) the flame evolution from ‘symmetric’ to ‘asymmetric’ by 217 
analyzing the contours of OH radicals, (ii) we examine the role of two types of instabilities (i.e. 218 
Darrieus–Landau and thermal-diffusive) on flame structures by utilizing different Lewis 219 
numbers, (iii) we further study the effects of inlet velocity and equivalence ratio on the 220 
interaction of thermal and mass diffusions, and (iv) in order to find a criterion for the flame 221 
asymmetric behavior the accurate value of Lewis number for various inlet conditions is 222 
evaluated by considering multi species transport model and Fick’s law.  223 
In the present work, similar to the results given by Pizza et al. [4, 20] upper and lower 224 
steady asymmetric flame were observed for the same inlet conditions but for different initial 225 
conditions. In the present work, in order to perform a reasonable and physical parametric study 226 
(i.e. different Lewis number, inlet velocity and equivalence ratio), we considered a specific 227 
initial conditions in all simulations(temperature patch) which give us upper asymmetric flame.  228 
The results presented in this paper are obtained for non-constant Lewis number as it is 229 
calculated through the computation by dividing thermal diffusivity to mass diffusivity. Thermal 230 
diffusivity is obtained as 𝑘/(𝜌𝐶𝑝) and mass diffusivity is calculated by Chapman-Enskog model 231 
and Fick Law. However, in section 3.2 where we analyze the role of Darrieus–Landau and 232 
thermal-diffusive instabilities, the Lewis number is artificially set to be a fixed number. 233 
 234 
3.1. Flame evolution from symmetric to asymmetric shape 235 
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    The process of evolving a symmetric flame into an asymmetric shape in a heated micro- 236 
channel is illustrated in Fig. 4. This figure represents time series of OH contours for test section 237 
of channel (see Fig. 1) with width of 1mm, inlet velocity of 300 cm/s and 𝜑 = 0.5.  238 
(a) 
t = 0.001 s 
 
(b) 
t = 0.0015 s 
 
(c) 
t = 0.002 s 
 
(d) 
t = 0.0045 s 
 
(e) 
t = 0.0055 s 
 
(f) 
t = 0.006 s 
 
(g) 
t = 0.0065 s 
 
(h) 
t = 0.007 s 
 
(i) 
t = 0.009 s 
 
Fig. 4: Time evolution of contour of OH mass fraction of a hydrogen flame in a micro-channel with 
width = 1mm, inlet velocity = 300 cm/s and 𝜑 = 0.5. 
After an ignition process, a symmetric flame forms which is seen in Fig. 4a. At this time 239 
the maximum value of OH mass fraction is 0.0045 occurs at the channel centerline. At the 240 
interval between 0.001s and 0.0045s, Figs. 4b to 4d show that OH radicals move toward the 241 
heated walls and the flame front moves upstream of the channel. However, in the new flame 242 
position, the reaction rate decreases. This reduction is obvious in the maximum of OH mass 243 
fraction after 0.001s (Figs. 4b-4d). Inspection of Figs. 4d and 4e shows that in the interval 244 
X- Axis (mm) 
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between 0.0045s and 0.0055s, the flame is stationary. At this instant, the flame is highly 245 
unstable and a perturbation can give rise to instability of the flame. The evolution into the 246 
second stable mode, which is asymmetric in shape, is clearly seen in Figs. 4f to 4i. These figures 247 
further show that the OH mass fraction increases in the evolution of a symmetric flame to an 248 
asymmetric shape. This is due to an increase in the flame surface area, which increases the 249 
reaction rate and consequently an increase in the mass fraction of OH radicals. 250 
In order to better understand the process of evolution a symmetric flame into the 251 
asymmetric shape Fig. 5 is shown here. In this figure black lines represent the flame front where 252 
the fuel mass fraction is 0.0077 (i.e. half of the incoming fuel mass fraction [4]). Figure 5(a) 253 
shows that before transition to the asymmetric shape, the velocity vector normal to the flame 254 
front (Un) is equal to the local burning velocity (SL) in both A-B and B-C branches [23]. If one of 255 
the branches moves from C to C’ due to physical or numerical perturbations (Fig. 5b), the 256 
magnitude of the velocity vector normal to the flame surface increases and becomes greater 257 
than the local burning velocity (due to variation in the slope of BC branch). So the inlet mixture 258 
pushes the flame back. Thus, the flame evolves into the second stable mode (i.e. B’’-C’’ in Fig. 5c) 259 
in which the normal velocity and the local burning velocities are equal. 260 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
(c) 
Fig. 5: Contour of OH representing the process of evolution a symmetric hydrogen flame into an 
asymmetric shape in a micro-channel with width = 1mm, inlet velocity = 300 cm/s and 𝜑 = 0.5. 
3.2. The role of Darrieus–Landau and thermal-diffusive instabilities on the flame 261 
behavior 262 
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In this section, we study the interaction of thermal and mass diffusive fluxes (thermal-diffusive 263 
instability) and hydrodynamic instability (i.e. Darrieus–Landau instability) on the evolution 264 
from a symmetric flame to an asymmetric one. As discussed above, in order to discriminate the 265 
contribution of two instabilities on the flame behavior, we performed the computations for 266 
different Lewis numbers, which is defined as ratio of thermal diffusive to mass diffusive. Based 267 
on the previous works (e.g., [11], [12], [30]–[32]) in order to isolate the effects of Darrieus– 268 
Landau instability on the flame behavior, the assumption of unity Lewis number (Le) is made. 269 
With this assumption the effects of diffusive-thermal instability are dropped [12]. Hence, in our 270 
computation for all time steps for having a unity Lewis number, the mass diffusivity is 271 
considered to be a fixed coefficient of thermal diffusivity (i.e. α = D).  Then, in order to examine 272 
the effect of diffusive-thermal instability, we use a non-unity Lewis number which leads to 273 
create an interaction between thermal and mass diffusive fluxes.  274 
We first study the contribution of DL instability by performing the computations for unity 275 
Lewis number for a lean (𝜑 = 0.5) hydrogen/air flame in a 1mm micro-channel width with 300 276 
cm/s inlet velocity. Our parametric study showed that in a velocity of 300 cm/s is an extreme 277 
case and there is a high possibility of evolving a symmetric flame into an asymmetric shape. Fig. 278 
6 shows that as time evolves the flame remains symmetric and the maximum values of OH mass 279 
fraction remain on the centerline line of the channel. The computations are carried out for other 280 
unstable cases and it is observed that the flame remain symmetric. Thus, it is concluded that the 281 
DL instability does not play a major role in evolving a symmetric flame into an asymmetric 282 
shape in a heated micro-channel.  283 
(a) 
t = 0.001 s 
 
(b) 
t = 0.002 s 
 
(c) 
t = 0.007 s 
 
(d) 
t = 0.015 s 
 
Fig. 6: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 1, width = 1mm, 
inlet velocity = 300 cm/s and 𝜑 = 0.5. 
X- Axis (mm) 
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In order to study the effect of thermal-diffusive instability, the computations are 284 
performed for nonunity Lewis numbers (this approach has been used in previous works such as 285 
[12]). Figs. 7 and 8 show time evolution of OH mass fraction for two constant Lewis numbers of 286 
Le = 1.5 and Le = 0.35 for a flame in a micro-channel with a width of 1mm and inlet velocity of 287 
300 cm/s.. Lewis number of 0.35 is related to hydrogen fuel Lewis number, which has key role 288 
in mass diffusivity. Lewis number of 1.5 is also an arbitrary number greater than one.  For Lewis 289 
number of 0.35 the thermal diffusive flux is lower than the mass diffusive flux, while for Le =1.5 290 
the thermal diffusion is higher than the molecular diffusion of reactants. 291 
OH mass fraction of the hydrogen flame is shown in Figs. 7 and 8 for Le = 0.35 and Le = 292 
1.5, respectively. It is seen in Fig. 7 that the symmetric flame has finally evolved into an 293 
asymmetric shape for Lewis number of 0.35. While for Le =1.5, Fig. 8 shows that the flame 294 
retains its symmetric shape.  295 
(a) 
t = 0.001 s 
 
(b) 
t = 0.005 s 
 
(c) 
t = 0.01 s 
 
(d) 
t = 0.015 s 
 
Fig. 7: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 0.35, channel 
width = 1mm, inlet velocity = 300 cm/s and 𝜑 = 0.5. 
 296 
(a) 
t = 0.001 s 
 
(b) 
t = 0.002 s 
 
X- Axis (mm) 
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(c) 
t = 0.03 s 
 
 (d) 
t = 0.035 s 
 
Fig. 8: Time evolution of OH mass fraction of a hydrogen flame in a micro-channel with Le = 1.5, channel 
width = 1mm, inlet velocity = 300 cm/s and 𝜑 = 0.5. 
To better understand the effect of nonunity Lewis number (i.e. thermal-diffusive 297 
instability) on the appearance of asymmetric flame, Fig. 9 is presented here. For Le = 0.35, 298 
where the flame is convex toward the burnt gases, fuel diffuses in a larger area and the local 299 
flame speed decreases. In such condition, the flame is convex toward the cold mixture (Fig. 8b), 300 
the fuel diffuses faster than heat to the fresh gas (i.e. α < D). So the concentration of radicals is 301 
high and the local flame speed near the walls increases. This is a typical behavior of an unstable 302 
flame where it stretches near the walls.  303 
For Le = 1.5, the diffusion of species to the wall decreases, so the reactions activity next to 304 
the walls also decreases. This leads to the reduction of length of flame front (length of black 305 
line) and accumulation of species and heat on the centerline of the channel. On the other hand, 306 
owing to the high diffusion of heat of combustion, the mixture entering the flame will be 307 
preheated. This causes the maximum flame temperature to be increased. The local flame speed 308 
increases due to the elevated temperature. However, since the flame is not stretched next to the 309 
walls, the stabilizing effect of the wall is not present and the flame moves toward downstream 310 
and finally exits from the channel.  311 
 
(a) Le = 0.35 
 
(b) Le = 1.5 
Fig. 9: Sketch of molecular and thermal diffusive flux on OH mass fraction contour for (a) Le = 0.35 and 
(b) Le = 01.5. channel width = 1mm, inlet velocity = 300 cm/s and 𝜑 = 0.5 
The results of this section clearly show that the interaction of molecular and thermal 312 
diffusions plays a major role in making the flame unstable. Using unity Lewis number 313 
assumption, it is shown that flame had symmetric shape and it can be concluded that the 314 
hydrodynamic effects are not solely responsible for the instability of the flame in micro-scales.  315 
X- Axis (mm) 
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3.3. The effects of inlet velocity and equivalence ratio on the interaction of thermal and 316 
mass diffusions 317 
In this section, the effects of the inlet velocity and the equivalence ratio (𝜑) of mixture on 318 
the molecular and thermal diffusion are studied. The Lewis number as an indicator of the 319 
interaction of these diffusions is used to study these effects. Here, the diffusion coefficients are 320 
modeled based on Fick’s law and hence the Lewis number is calculated during the computations 321 
using these diffusion coefficients  322 
Lewis number is obtained on the centerline of the micro-channel for different inlet 323 
velocities as shown in Fig. 9. In this figure dashed line represent flame front for each condition 324 
based on color line. It should be mentioned that our computations reveal that (not shown here) 325 
for inlet velocities of 30 and 50 cm/s the flame is symmetric, while for 80 and 200 cm/s 326 
velocities the flame exhibits an asymmetric behavior.  327 
 
Fig. 10: Variation of Lewis number of hydrogen on centerline of the channel for different inlet velocities 
with channel width = 1mm and 𝜑 = 0.5. 
Fig. 10 shows that for low inlet velocities of 30 cm/s and 50cm/s (in which the flame has a 328 
symmetric shape) Lewis number behind the flame front (i.e. vertical dashed line)decreases 329 
along the centerline. We observed this behavior for different channel widths, inlet velocities and 330 
equivalence ratios. While for higher inlet velocities in Fig. 10 where the flame has an 331 
asymmetric shape, the Lewis number remains almost constant behind the flame front. 332 
In Fig. 11, the behavior of Lewis number is depicted for different equivalence ratios when 333 
the flame has a symmetric shape. For attaining symmetric flames, different inlet velocities were 334 
utilized for the considered equivalence ratio. This is because the symmetric shape of the flame 335 
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alters by the increase equivalence ratio and hence in order to have a symmetric flame we need 336 
to increase the inlet velocity accordingly.  337 
To illustrate qualitatively this behavior, the contour of temperature is shown in Fig. 12. As 338 
mentioned above, unlike 30 cm/s, the flame in 80 cm/s inlet velocity is unstable and finally 339 
evolves into an asymmetric flame. In this figure the black lines represent the flame front. In 340 
addition, α, D, αwall and hconv are thermal diffusive flux from flame to the flow, mass diffusive flux 341 
from the cold flow to the flame, heat diffusion from the hot walls to the flow and convective heat 342 
transfer from the flame to the cold flow, respectively.  343 
By increasing the inlet velocity, hconv increases. This leads to the reduction of flow 344 
temperature on the centerline of the channel. Further, due to the high temperature of the walls 345 
the flame stretches close to the walls. This leads to the increase of flame surface. By increasing 346 
the inlet velocity, the flame moves toward downstream. The flame is more convex toward the 347 
products in 80 cm/s than 30 cm/s inlet velocity and the flame surface increases. This leads to 348 
the inclination of the normal flux of mass and thermal diffusions. The mass diffusion vectors 349 
point toward the walls and the thermal diffusion vectors point toward the centerline. As seen 350 
schematically in this figure, for symmetric case, the heat diffusion fluxes augment to each other 351 
and increase the heat concentration on the center line. While molecular diffusion fluxes cancel 352 
out each other. So the Lewis number behind the flame will increase due to the increasing of α 353 
and decreasing of D.  354 
For inlet velocity of 80 cm/s, the mixture entering the flame near the walls has a higher 355 
temperature since it is preheated more by the walls (compare Fig. 12b with compare with Fig. 356 
12.). So the flame is stretched near the walls. On the other hand, due to the increased velocity, 357 
the flame tip moves toward downstream.  358 
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Fig. 11: Variation of Lewis number of hydrogen on centerline of channel for different inlet velocities and 
equivalence ratio with channel width = 1mm. 
 359 
  
 
(a) Uin= 30 cm/s 
(b) Uin= 80 cm/s 
 
Fig. 12: Qualitative illustration of asymmetric behavior of flame. Channel width = 1mm and 𝜑 = 0.5. (a) 
Uin= 30 cm/s and (b) Uin= 80 cm/s. 
3.4. A criteria for asymmetric behavior of flame 360 
As mentioned above, the length of flame front (length of A-B-C line in Fig. 12) is an 361 
important parameter in the flame behavior. To study the role of this parameter, a new 362 
dimensionless parameter, hfs, is defined as the ratio of length of flame front to channel width. In 363 
Fig. 13, this parameter is illustrated under different inlet conditions.  364 
In this figure, the gray lines represent the symmetric flames and the black lines represent 365 
the asymmetric flames. For the flames that finally evolve into the asymmetric shape, the length 366 
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of flame front is evaluated1 and shown both before and after the transition to an asymmetric 367 
shape. For equivalence ratios below unity, the length of asymmetric flames is more than the 368 
symmetric ones. However, in equivalence ratios above unity this trend is reversed. So the length 369 
of flame front for asymmetric flames becomes less than the symmetric ones. This can be due to 370 
the increase of the flame speed caused by increasing the equivalence ratio from 0.5 to 1.  371 
It is seen that for hfs in the interval between 1.1 and 1.15 the instability is occurred and 372 
the flame becomes asymmetric in shape. This range of hfs has been also observed for various 373 
channel heights.  374 
 
Fig. 13: Variation of hfs (length of flame front to channel width ratio) in different inlet velocities and 
equivalence ratio for 1mm channel width. 
4. Conclusions 375 
In the present work the asymmetric behavior of flame in micro-scales is studied 376 
numerically. The combustion of hydrogen/air mixture in a micro-channel is simulated using a 377 
reactive solver developed based on low-Mach number formulation incorporating detailed 378 
chemical kinetics and multi species transport model. It is found that by increasing the inlet 379 
velocity for a channel of fixed width, the flame stretches near the wall. At this moment, the flame 380 
is unstable and ready to become asymmetric due to existing perturbations. The Lewis number is 381 
used to study the effects of different types of instabilities on the flame front. First in order to 382 
analysis the role of different instabilities we artificially set the Lewis number in the 383 
computations to be a fixed number. For unity Lewis number, the flame is stable and symmetric, 384 
                                                                    
1  The length is be obtained in post processing step utilizing image processing 
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and does not evolve into an asymmetric shape. This clarifies that Darrieus–Landau has no 385 
profound role in appearance of asymmetric flames in heated micro-channels. While, for Lewis 386 
number less than unity, evolution of a symmetric flame into an asymmetric shape is observed. 387 
This clearly shows that the diffusive-thermal instability plays a major role in the formation of 388 
asymmetric flames in micro-channels with preheated walls.  389 
Second, to study the role of thermal and mass diffusions, these parameters were 390 
modeled by accounting multi-species diffusions. It is found that in symmetric flames, there 391 
exists a reduction of the Lewis number behind the flame front. This is due to the alternation in 392 
the direction of thermal and mass diffusion fluxes on the flame surface. A new dimensionless 393 
parameter defined by dividing the length of flame front to the channel width. It is found that 394 
when this parameter is between 1.1 to 1.15, the flame is unstable and a perturbation can lead to 395 
the instability of flame.  396 
 397 
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